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ABSTRACT 


This work descnbes the simulation and modeling of current voltage characteristics of 
polymer light emitting diode To understand the device characteristics first a single layer organic 
device with single carrier injection is studied The simulations are used to clarify the role of bamer 
height device thickness and mobility A new analytical model is developed based on a simple 
mobility model that matches well with the experimental charactenstic It is shown that in a single 
layer OLED with both electron and hole injection recombination takes place primarily near the 
cathode due to the much smaller electron mobility It is also shown that with the proper adjustment 
of the anode barrier height recombination is spread uniformly over the bulk In the two layer 
device presence of barrier at the organic organic interface results in most of the recombination 
taking place at the interface of two organic layers It is shown that to get good device efficiency 
hole bamer at the interface should be sufficiently large and greater than 0 3 eV Electron bamer at 
the interface however plays no significant role It is also shown that the electron transport layer 
largely determines turn on voltage of the device 


IV 



DEDICATED TO MY 
AJJI 



CONTENTS 


1 Introduction 

1 1 Evolution of OLED Display 1 

1 2 OLED Display 3 

12 1 Passive Matnx 4 

12 2 Active Matnx 5 

1 3 Scope of the Thesis 5 

14 Organization of The Thesis 6 

2 Literature Review 

2 1 Introduction 7 

2 2 OLED Structure 7 

2 3 Device Characteristics 8 

2 4 Tunnelmg 10 

2 5 Space Charge Limited Current (SCLC) 10 

2 6 Space Charge Limited Current With Traps 1 1 

2 7 Field Dependent Mobility 12 

3 Simulation of Single Carrier Device 

3 1 Single Carrier Device 13 

3 2 Effect of Schottky barrier on current flow 14 

3 3 Bulk limited current voltage charactenstic 15 

3 4 Device modeling in high current region using theory of SCLC 1 8 

3 5 Experimental and simulation results 21 

3 6 Model for SCLC with field dependent mobility of the form 


99 

^ = Po — 22 

\^oJ 

3 7 Device modeling in low current region 25 

3 8 Contact limited current flow (<t>BH>0 15 eV ) 29 

3 9 Cntena for distinguishing bulk limited and contact limited current 33 


VI 



3 10 Single Layer Bipolar Device 
3 11 Recombination 

3 12 Effect Of hole injection Barrier on recombination profile 

4 Double Layer Device 

4 1 Energy Band Picture 

4 2 Effect of thickness of CN_PPV layer on J V characteristic 
4 3 Organic organic interface bamer 

4 4 Companson of device efficiencies 

5 Conclusions and Future Scope of the Thesis 

5 1 Conclusion 

5 2 Application of the work 
5 3 Future scope of the thesis 

References 

Appendix-A 



LIST OF SYMBOLS 


E Electnc Field 

J Current Density 

Jp Hole Current Density 
Jn Electron Current Density 

n Electron Carrier Concentration 

p Hole Camer Concentration 

q Magnitude of Electron Charge 

TJ Total Rate of Recombination 

£ Permittivity (=£r So) 

jip Hole Mobility 

Pn Electron Mobility 

X Electron Affinity 

<()h Bamer Height Seen by Hole while coming from Metal to Organic Matenal 
([)„ Barrier Height Seen by Electron while coming from Metal to Organic Matenal 


VIU 



LIST OF FIGURES 


Fig 1 1 An Organic Passive Matrix Display 3 

Fig 1 2 Display matrix Block Diagram 4 

Fig 2 1 Structure of OLED 8 

Fig 2 2 Mechanism of Light Emission m OLED 9 

Fig 2 3 Energy Band Diagram of the Metal Insulator 1 1 

Fig 3 1 Single Canier OLED Structure 13 

Fig 3 2 J V Characteristics of Single earner Device 14 

Fig 3 3 Curve Fitting to calculated J V characteristic 16 

Fig 3 4 Hole Density Profile of the device in Space Charge Limited Regime 17 

Fig 3 5 Electric Field Profile of the de\ ice in Space Charge Limited Regime 1 7 

Fig 3 6 Comparison of J V charactenstics 20 

Fig 3 7 Calculated and Expenmental J V of Pt/MEH PPV/Al Device 21 

Fig 3 8 Curve fitting to estimate the Value of n 23 

Fig 3 9 Comparison of J V characteristics of Murgatroyd Model and New model 25 

Fig 3 10 Low Current Region J V 26 

Fig 3 11 Cross section of the Device 26 

Fig 3 12 Electric Field Profile at an applied bias of 0 2V 27 

Fig 3 13 J V Characteristic of Contact limited device 30 

Fig 3 14 Experimental and Calculated J V charactenstic of a contact limited device 30 

Fig 3 15 Calculated Electric Field Profile of a contact limited device 32 

Fig 3 16 Calculated Hole Profile of a contact limited device 32 

Fig 3 17 Thickness Dependence of current Density 33 

Fig 3 18 Dependence of Current on voltage of a contact limited device 34 

Fig 3 19 Energy Band Diagram of a Single Layer Device 35 

Fig 3 20 Calculated and Experimental J V of Single Layer Bipolar Device 37 

Fig 3 21 Recombination Profile of a Single Layer Bipolar Device 38 

Fig 3 22 Gamer Density Profile of a Single Layer Bipolar Device 38 

Fig 3 23 Recombination rate and Carrier Profile of a Bipolar Device with a mobility ratio 10 39 

Fig 3 24 Recombination Profile of a Bipolar Device with varying hole injecting barrier 40 

Fig 4 1 Energy Band Diagram of a double Layer device 41 

Fig 4 2 Recombination Profile of a double layer Device 43 

Fig 4 3 Carrier Profile of Double layer hole only device 43 


IX 



Fig 4 4 Potential variation in a double Layer device 44 

Fig 4 5 J V Plot of Different Devices 45 

Fig 4 6 Energy band diagram of a bi layer device 46 

Fig 4 7 Carrier profile of a double layer at an applied bias of 5V 47 

Fig 4 8 Plot of the device efficiency as a function of hole barrier at the interface 48 


X 



LIST OF TABLES 


Table 4 1 Double layer devices of varying layer thickness 44 

Table 4 2 Device efficiencies at different hole barrier heights 47 

Table 4 3 Device efficiencies at different electron barrier heights 48 

Table 4 4 Comparison of device efficiency 49 


xi 



Chapter 1 


Introduction 

1 1 Evolution of the OLED display 

The rise in importance of the electronic displays over the last forty years has been a direct 
consequence of the explosive proliferation of computers of all sizes from the large mainframes of 
the 1960s and 1970s to the small handheld systems of the late 1990s Initially displays based on 
neon discharges were used to display binary and decimal digits but these quickly gave away to 
displays which exploited cathode ray tubes (CRT) developed for television Because of the 
economies of scale afforded by the huge television market the CRT still represents nearly half of 
the information display market in terms of units In spite of the fact that the CRT is still the most 
economical technology for display it has never been able to shed its most serious drawback of 
weight and volume 

For this reason even m the early days of television engineers dreamed of making thin 
light flat panel displays that would capture the function of the CRT in a more attractive 
package perhaps even one that would be easily portable Therefore numerous flat panel display 
technologies such as liquid crystal display (LCD) light emitting diode (LED) organic light 
emitting diode (OLED) plasma display panel (PDF) have been developed Unfortunately the first 
major commercial flat panel technology based again on neon discharge (plasma display) was 
not when introduced was economically competitive with the CRTs it was intended to replace As 
desktop displays they were too expensive and lacked the ability to render full color For portable 
applications they were too heavy and too inefficient Plasma displays are now the senous 
competitors m the race for the market of large size hanging high definition television monitors 
(HDTV) 

Advent of personal computers in the early 1980s prompted everyone to look for a way to 
make a portable version Display attention shifted to liquid crystal displays (LCDs) which already 
had gained reputation in watches for low power demands and low weight Early screen images 
produced on liquid crystal flat panels were grossly inferior to CRT images even though the 
computers incorporating them were highly portable In 1983 LCD display with image 
characteristics of a color CRT was brought in Within five years this technology had been 
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developed to a point at which display suitable for portable computers became feasible They are 
not competitive in cost with CRT technology 

Therefore there was a need of a flat panel display which is cost effective and with features 
of a conventional CRT display Thus started display based on organic light emitting diode 
commonly called OLED An OLED is an electronic device made by placing a series of organic 
thin films between two conductors When electncal current is applied a bnght light is emitted 
OLEDs are lightweight durable power efficient and ideal for portable applications OLEDs have 
fewer process steps and also use both fewer and lower cost materials than LCD displays Active 
matrix OLED displays aie expected to replace LCDs in most flat panel display applications 
Unlike power hungiy LCD displays OLED displays are brighter sharper power fhendly and 
offer viewing angles of up to 170 degrees If youve ever sat on an airplane with a conventional 
LCD display you know that it is very difficult to see the movie if you re off center at all from that 
display OLED displays don t have that restriction OLEDs can replace the current technology in 
many applications due to the following performance advantages over LCDs 

• Greater bnghtness 

• Faster response time for full motion video 

• Fuller viewing angles 

• Lighter weight 

• Greater environmental durability 

• More power efficiency 

• Broader operating temperature ranges 

• Greater cost effectiveness 

The first commercial GaAsP light emitting diodes (LEDs) were introduced in 
1962 Electroluninescence (EL) was reported in organic matenals at about the same time from 
experiments Development of the display products was hampered by fabrication packaging and 
reliability problems So progress over the next two decades were in inorganic area Mainly Tang 
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and Van Slyke m 1987 [4] revived the interest in organic EL with their first multi layer device An 
explosive growth of activity followed m both academia and industry 



1 . 


Figure 11 An organic passive matrix display on a substrate of polyethylene 
terephthalate a lightweight plastic will bend around a diameter of less than a centimeter 
The 18 mm thick, 5 by 10 cm monochrome display consists of 128 by 64 pixels, each 
measuring 400 by 500 jam and is being operated at conventional video brightness of 100 
cd/m^ It was fabricated by Universal Display Corp , Ewing N J with a moisture barrier 
built into the plastic that prevents degradation of the pixels 

1 2 OLED Display 

Display IS an array of independently controllable pixels Each individual pixel is an OLED 
Number of pixels depends on dimension and resolution required by a particular application For 
example an NTSC standard TV screen requires 10^ pixels Addressing large number of pixels m an 
array is an important issue in display technology In a matnx addressed display pixels are 
organized m rows and columns as shown in Fig 1 2 Each pixel is electrically connected between a 
row lead and column lead 
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Figure 1 2 Display Matrix 


An OLED is a current driven device that is the intensity of the output light is directly 
proportional to the electrical current flowing through the device An OLED display therefore 
requires the control and modulation of electncal current levels through individual elements (pixels) 
in order to display text or giaphic images 

There are two types of OLED display architectures 

(a) Passive matnx 

(b) Active matnx 

121 Passive Matrix 

Passive Matrix displays consist of an array of picture elements or pixels deposited 
on a patterned substrate in a matrix of rows and columns In an OLED display each pixel is 
an organic light emitting diode formed at the intersection of each column and row line The 
first OLED displays were addressed as a passive matnx This means that to illuminate any 
particular pixel electncal signals are applied to the row line and column line (the 
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intersection of which defines the pixel) The more current pumped through each pixel 
diode the brighter the pixel looks to our eyes 

12 2 Active Matrix 

In an active matrix display the array is still divided into a series of row and column 
lines with each pixel formed at the intersection of a row and column line However each 
pixel now consists of an organic light emittmg diode (OLED) in series with a thin film 
transistor (TFT) The TFT is a switch that can control the amount of current flowing 
through the OLED In an active matnx OLED display (AMOLED) information is sent to 
the transistor m each pixel telling it how bnght the pixel should shine The TFT then stores 
this information and continuously controls the current flowing tlirough the OLED In this 
way the OLED is operating all the time avoiding the need for the very high cunents 
necessary in a passive matnx display 

Multicolor automobile stereo displays are now available from Pioneer Corp of Tokyo and 
Royal Philips Electronics NV Amsterdam is geanng up to produce both OLED backlights to be 
used in LCDs and organic integrated circuits It is possible that soon portable and lightweight roll 
up OLED displays will cover our walls replacing the bulky and power hungry cathode ray tube that 
has been the television standard for 50 years 

1 3 Scope of the thesis 

Organic light emitting diodes (OLED s) have emerged over the past ten years as viable 
candidates for application m display technologies PPV derivatives were the first polymer to show 
elctroluminescence While the technologies of OLEDs are advancing rapidly fundamental studies 
of the device operations are lagging behmd Optimizing performance of OLED requires 
understanding of the basic processes like charge injection charge transport and recombination An 
approach to study the device is to start from a simple device and understanding gained from the 
simple device can then be applied to a more complex structure 

This work describes simulation and modeling of the current voltage characteristic of a 
polymer light emitting diode To understand the characteristics first a specific case has been 
considered in which energy bamer to injection of electrons is much larger than those for holes so 
that the holes dominate the current flow The simulations are used to clanfy the role of barrier 
height device thickness and mobility in determining J V characteristic of the device A new 
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analytical model is developed based on a simple mobility model Device calculations of a bipolar 
single layer OLED are presented Bipolar devices are of interest because recombination can be 
investigated It is shown that m a single layer OLED with both electron and hole injection 
recombination takes place primanly near the cathode due to much smaller electron mobility It is 
also shown that with the proper adjustment of the anode barrier height recombination is spread 
uniformly over the bulk 

The limitations of a single layer device can be overcome by employing a two organic layer 
structure In the two layer device presence of barrier at the organic organic interface results in most 
of the recombination taking place at the interface of two organic layers It is shown that to get a 
good device efficiency hole barrier at the interface should be sufficiently large and greater than 0 3 
eV Electron barrier at the interface however plays no significant role It is also shown that the 
electron transport layer largely determines turn on voltage of the device Calculated device 
efficiency is presented for representative cases of device parameters 

1 4 Organization of the thesis 

This thesis is organized to five chapters In chapter 2 a complete review of the vanous 
models involved m simulation of a single layer OLED has been discussed This chapter forms a 
necessary background on which the present work is based Chapter 3 is devoted to simulation and 
modeling of current voltage charactenstics of a polymer light emitting diode Simulations are 
earned out using a 1 D device simulator (SIM WINDOWS) for single and double layer devices In 
chapter 4 results from simulations of a double layer OLED has been presented with the emphasis 
on organic organic interface role m determining device efficiency Finally important results of 
present work are summanzed in Chapter 5 
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Chapter 2 


Literature review 

2 1 Introduction 

The observation of efficient electro luminescence m organic semiconductors a decade ago 
gave a new momentum to the field of organic opto electronics OLEDs are currently under intense 
development m both academia and industry for applications m flat panel displays The first 
commercial product a car stereo display was introduced in market three years ago Today almost 
every major consumer electronic company has an experimental program in OLED 

As a result of both easy processing and mechanical flexibility polymer light emitting diodes 
are presently considered as suitable candidates for large area applications The organic matenals 
used to fabncate OLEDs are undoped and quite insulating They are undoped and essentially have 
no free carriers at room temperature Current flow in the device results from the earners that are 
injected from the contacts Mobility of earners in organic materials is very low of order of 10 ® 
cmVv s They have energy gaps ranging from 1 5 eV to 3 5 eV A key difference [16] between 
organic and common inorganic light emitting diodes is m the carrier transport properties in the 
device In the former current is due to mjechon m latter device current earners onginate from 
dopants (donors and acceptors) As a result of these differences the potential and charge profiles m 
the devices are quiet different for the two cases 

2 2 Organic Light Emitting Diode Structure 

The j? n diode stracture proves to be a key feature for the OLED device The basic stmeture 
consists of two layers of organic thin films a hole transport layer and an electron transport layer 
sandwiched between an anode and a cathode [Fig 2 1] Under a dc bias electrons are injected from 
a low work function (<I>w=3 to 4eV) cathode and holes are injected from a high work function 
(Ow=5 eV) anode into the organic materials These two organic layers each of the order of about 
500 A thick provide the appropnate media for transporting the charge carriers towards the interface 
formed between the two layers Sequence of events which result m light is illustrated in Fig 2 2 
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OLED device can be divided into two classes namely small molecule devices and organic 
polymer devices Alqs and PPV are two representatives of small molecules and polymers matenals 
respectively Tlie mam difference between the small molecule and polymer matenals is in their 
processing methods and mechanical properties Small molecule devices are fabricated using 
vacuum evaporation teclmiques whereas polymer structures can be applied using spin coating or 
even ink jet printing techniques 

2 3 Device characteristics 

The operation of the OLED involves four basic steps charge injection charge transport 
charge recombination and luminescence An understanding of the operation of OLED therefore 
requires knowledge of injection transport and recombination processes involved [1] It is useful to 
consider an organic diode structure in which one carrier type [2] (either electrons or holes) 
dominates the current flow m order to understand the charge injection and transport The 
understanding gained from simple device can then applied to more complex devices Such a single 
earner device can be fabneated by choosing contacts such that energy bamer for one kind of earner 
IS much larger than other In such devices recombination does not play significant role [3] 
Experimental study of such single earner structure has been earned out in [5] The choice of 
contacts determines whether the device is electron only or hole only device PPV derivative is one 
of the most widely used matenals for expenments and simulation (because of larger conversion 
efficiency) 
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Sequence of events that result m light when bias is applied is illustrated below 


ITO HTL ETL CATHODE 



Figure 2 2a An electric field is applied to the device Holes are injected into hole 
conducting polymer layer At the same time electrons from cathode are injected into 
electron conducting layer 



Figure 2 2b Driven by electric field holes and electrons diffuse through the respective 
layers The mobility of holes being more than that of electrons holes reach HTL/ETL 
interface earlier 



Figure 2 2c when electron and hole come close, they capture one another and form a 
neutral excited state This form is called exciton Exciton then decays radiatively 

I 
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In a single earner device current under extreme conditions can be either contact or bulk 
limited In contact limited device injection is be determined by following mechanisms 

(a) Thermionic emission with field induced bamer lowering 

(b) Tunneling [5] 

In bulk limited device drift and diffusion mechanisms with field dependent mobility and 
suitable trap distribution are required to explain the device behavior 

2 4 Tunneling 

Parker [5] has proposed a model in which J V characteristics of OLED is determined by the 
Fowler_Nordheim tunneling of both electrons and holes through contact bamer arising from band 
offset between polymer and electrodes This model states that holes and electrons are able to tunnel 
into polymer when sufficiently high applied electric field tilts the polymer band to present 
sufficiently thin bamer However quantitatively current predicted by Fowler_Nordheim theory 
exceeded the experimentally observed currents Furthermore at low fields the turmehng model was 
found not to be applicable In spite of this discrepancy the concept of F_N tunneling became a 
generally accepted model in order to explain the device performance of OLED Following this 
model the device performance of OLED can be improved by balancing the contact barriers of both 
electrons and holes An unbalanced injection results in an excess of one earner type and which does 
not contnbute to light emission Reduction of the contact bamer leads to more current and a higher 
light output at equal voltage Thus in order to obtain efficient device the work function of the 
cathode and anode should be close to conduction and valence band of the organic matenal 

2 5 Space Charge Limited Current (SCLC) 

Space charge limited currents in solids have been previously discussed in [9] and [10] for 
trap free and trap filled cases respectively Simple theory predicts the space charge limited current 
can be passed through thin sheets of insulators However two requirements need to be fulfilled in 
order to observe SCLC of significant magnitude 

(a) At least one of the contacts should be ohmic 

(b) Insulator must be free from trapping defects 
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Fig 2 3 Shows a metal insulator interface An insulator can carry current if electrons are 
raised into a band of energy levels which are noiTnally empty at room temperature This does not 
generally happen unless O-x not too large compared to kT Under above circumstances and when 
no external field is acting then a vapor of electrons will form in the insulator This is called space 
charge An equal positive charge will be formed on the surface of the metal This will give rise to 
local field m the insulator Dependence of current on voltage for smaller electrical fields for which 
space charge is important is given by the equation 

, 9 F" 

J = -u.„s — 

8"^" L 



2 6 Space Charge Limited Current With Traps 

space charge limited current in solids has been discussed by Rose [10] for an insulator with 
traps He shows that presence of traps not only reduces magnitude of space charge limited current 
but also IS likely to distort the shape of the current voltage curve from an ideal square law to a much 
higher dependence on voltage Theoretical model developed has been applied to OLED recently 
[6 8] This process in OLED is called trap charge limited conduction (TCL) The trap energy level 
distnbution is generally described by one of the following ways 

(i) Exponential distnbution 

(ii) Discrete level 
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In modeling of OLED deviation of J V curve from square law dependence to higher power 
dependence is often explained using exponential trap distribution J V relation m OLED with 
exponential trap distribution is given by [6] 


J. 


TCL 


N 


WMO- 


ms ^ 
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2 7 Field Dependent mobility 


One of the major differences between charge transport in crystals and in polymers is the 
presence of field dependent mobility [14 17] of the form 


/j = ju exp(. 



Where fj. Zero field mobility 


In [16] hole mobility in a PPV material has been deteimmed and was found that it was 
electnc field dependent OLED is modeled by coupling SCLC and field dependent mobility This 
type of modeling has been done in [14] Murgatroyd [12] was able to approximate the J_V 
relationship with field dependent mobility as 

9 [Y 

J = -esofto ^exp(0 89 J—) 
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Chapter 3 


Simulation of single carrier device 

3 1 Single carrier device 

An understanding of the operation of OLED requires the knowledge of injection transport 
and recombination process involved A single layer single carrier device provides a basis for the 
study of the charge injection and transport This single carrier stnicture consists of an organic layer 
(MEH PPV) sandwiched between two contacts Here the cathode is chosen such that it offers high 
Schottky barrier to electron Anode is chosen such that it offers low barrier to hole In this device 
hole dominates the current flow The Barrier for electron is fixed at 1 4 eV Fig -3 1 shows the 
energy level diagram of MEH PPV and metal contacts [18] 


r 1 

1 


MEH PPV 


1 




lca") 


J 




y 

® , t — ^ 



Evaccum=0 


Ec= 2 9 eV 

1 


*^1 


m 

(Q 


MEH PPV — 


f 



JL 

Ev= 5 3 eV 


Figure 3 1 Single Carrier Structure indicating the energy levels of the organic layer 
and work functions of the contacts 
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Under forward bias the holes are injected from anode to polymer Driven by an 
applied electric field these holes move thiough the polymer until the cathode collects them 
The device operation thus involves charge injection charge transport and collection by 
cathode Schottky energy bamer for injection of holes influences current flow through the 
device Hence role of the barrier m influencing the current flow needs to be investigated 

3 2 Effect of Schottky barrier on the current flow 

To understand the effect of Schottky energy bamer on current flow J V charactenstic of a 
1000 A° thick device was simulated by fixing the (j)Bc(banier to electron injection) at 1 4 eV and 
varying the (t>BH (bamer to hole injection) from 0 05 eV to 0 35 eV in steps of 0 1 eV The simulated 
J V characteristic of the device at different values of (j)BH is shown in Fig 3 2 



Figure 3 2 Plot of calculated current density as a function of bias voltage for a 1000 
A®MEH PPV device with 1 4 eV barrier to electron injection and 0 05,0 15,0 25 and 
0 35 eV barrier to hole injection 
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As IS evident from the plot for ([ibh < 0 15 eV curves fall almost on top of each other 
However for cjiBH significantly larger than 0 15 eV the current reduces as (jiBu increases Therefore 
we can conclude that for small energy bamers (({ibh <0 15 eV) current flow is not limited by the 
contacts But it is affected by the bulk properties of the device Such a current flow is called bulk 
limited current For energy barriers significantly larger than 0 15 eV the current flow is limited by 
the contact Such a current flow is called the contact limited current or injection limited current 
Hence both bulk dominated and injection dominated mechanisms influence the current voltage 
behavior of polymer LEDs 

3 3 Bulk limited current-voltage characteristic 

For small energy bameis ((t)BH<0 15 eV) current is bulk limited J V charactenstic of the 
device when (jiBH^O 1 eV is shown in Fig 3 3 For the purpose of modeling the J -V charactenstic 
of the device can be divided into two regions 

(i) Low Current region (Vb,as<Vbi) 

(n) High current region (Vbms>Vbi) 

Curve fitting (as shown in Fig 3 3a) in the high current region reveals that the current 
density J varies approximately as square of the applied bias V (Joe V^) For bias less than IV it does 
not show the square dependence This is more evident from the Log-linear plot shown in Fig 3 3b 
This shows that device modeling has to be done in two separate regions 

The calculated electric field and hole density profiles are also shown in Fig 3 4 and 3 5 

respectively Hole injecting contact is to the left Hole density in the device vanes as Where x 

■\Jx 

is the position m the device as measured from injecting contact Electnc field in the device varies as 
Vx Since barrier for hole injection is small holes accumulate near the injecting contact lowering 
the electric field near the hole injecting contact 
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Figure 3 3a Calculated J V Characteristic of a bulk limited device 



Figure 3 3b Calculated J V Characteristic of a bulk hmited device (log linear 
scale) 
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Figure 3 4 Hole density profile for a 1200 A MEH PPV bulk limited device, at an 
applied bias of 4 V showing inverse of square root dependence 



Figure 3 5 Electric Field profile for a 1200 A® MEH PPV bulk linuted device, at an 
applied bias of 4 V, showing square root dependence of E on x 
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3 4 Device modeling m high current region 

J V characteristic of a bulk limited device in high current region can be modeled using 
theory of SCLC [9] as applied to a trap free insulator with constant mobility 


J = J {x) = q^^p{x)E{x) - qD^ 


dx 


dE q , . 
— = -pix) 
dx £ 


3 1 


3 2 


Where 

£=£ £ 


dx 

Substituting for p (x) from (3 2) m (3 1) 

.dE s d^E 
J = fd £E{x) qD 


dx 


On integrating we obtain 


q dx' 


^ E^ ^ dE 
J*{x+x^) = p £— — Dp£ — 
2 dx 

Where Xo is a constant of integration 
Second term can be neglected if 

dx ^ 2 

le if applied voltage V»0 052 


J*(x + Xo) = jU^e — 
Therefore (3 5) becomes 


E=i—ix + x„) 


3 3 


34 


3 5 


3 7 
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Evaluation of constant Xn 


Substituting (3 7) in (3 1) and neglecting second term we get 
J p(x)g/u 3 8 


At x=0 p(x)=P 



Evaluation of V Cnotential across the device! 



^ 1 -^ 2 = jFdx 

0 

2 I 2J - 2 

V = ^J—[(L + x,y-x,- 2 ] 3 10 

For small V (voltage at which space charge effect exists Vb <25 V) J is small and Xo« L 
Therefore (3 9) becomes 

9 

J = -ps— 3 11 

8 L 

It can be observed from the above equation that current density J varies as square of the 
applied voltage Also it can be observed from equation 3 7 and 3 8 that the Electric field vanes as 

r- 1 

^Ix and hole density vanes as —f= These results match with the simulation results Hence it can 

y/x 

be concluded that high current region can be modeled using theory of space charge limited current 
(SCLC) 
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Figure 3 6a Comparison of simulated (constant mobility) and measured current density vs 
bias for a 1000 A" thick Pt/MEH PPV/Al device (Experimental data taken from [3]) 
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Figure 3 6b Comparison of simulated (constant mobility) and measured current 
density vs bias for a 1000 A° thick Pt/MEH PPV/Al device (Log Linear scale) 
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3 5 Experimental and simulation results 


The simulated J V characteristic of a Pt/PPV/Ca device that obeys SCLC (with constant 
mobility) IS presented in Fig 3 6a and in Fig 3 6b along with the expenmental result of the same 
type of the device From the plots it can be observed that expenmental current density is larger than 
that predicted by simulations This suggests that carrier mobility has increased with the electric 


field If the field dependent mobility of the form ^ = /i exp( | )is used m simulation then 


match between experimental and simulated result becomes better Fig 3 7 illustrates this point 
Value of the parameters used were |Xo=0 5e 06 cm s and Eo=le05 V/cm This result shows that 
hole conduction in PPV can be adequately described by combining theory of SCLC and field 
dependent mobility 


J V Characteristic 
Sample Pt/MEH PPV/AI 



Figure 3 7 Comparison of the calculated (using theory of field dependent mobility) 
and measured current density vs bias for a 1000 A® thick Pt/MEH PPV/Al device 
(Experimental data taken from [3]) 
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Foi the field dependent mobility of the form /.I = jU q e “ there is no 

analytical solution foi the cuirent density Murgatroyd [12] was able to show that for field 
dependent mobility trap free space charge current can be well approximated by 


9 




(Murgatroyd Model) 


The above expiession gives only the maximum current that can be carried through the 
device and does not desciibe the higher power dependence of V on J as seen m characteristic of 
OLED m bulk limited regime The development of closed form expression is facilitated by using 


simplei mobility model of the form /i = 




\^oJ 


The new mobility model fits reasonably well 


with the accurate mobility model for n=l 6 It is shown m Fig 3 8 

3 6 Model for SCLC with field dependent mobility 


Let us assume that mobility is field dependent of the form jj. = IJ.A 


"0 y 


Using approximation of equation 3 6 in equation 3 4 as done previously for SCLC and substituting 
the field dependent mobility of the form /i = ^o( 






We get 


Jdx = ^E ^'dE 

E^ 


3 11 


On integrating both sides we get 


E = 




J{x + X^) 


1 

+2 


J 


3 12 


Where XqIS constant of integration 
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Figure 3 8 Mobility model of the form 






\^0j 


fitted to mobility model of the form 


At 


At 



Value of n=l 6Evaluatioii of constant of integration 


Substituting 3 12 in 3 1 and neglecting second term of 3 1 and substituting field 
dependent mobility we get 


+1 




P(x)gAto 


eAto 


3 13 


Applying boimdary condibons 


At x=0 P (x)=Po 


Equation 3 13 can be solved to get Xq 


SAto 


Eo (n + 2) 


-J 


+1 -^0 
.^o^Atoy 


+2 

+1 


3 14 
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Evaluation of V (Potential drop acioss the device") 


£ = - 


dx 


Vi - V2 = V = jsdx 


L, 

v=l 


£o(n + 2) 

. fiAio 


J(x + JCo) 


+2 


dx 


On Integration we get 




' J{n^ 2) 

V y 


t \— — 

(I + Xq) +2 


n-\-2. 


3 15 


For small V J is small and Xq is small Xo«L equation 3 15 can be approximated 


asF = iE:o"2 




1 


(1 + ^) 

« + 2 


(i) 


+3 

+2 


V =^ 0 ''' 


^J(« + 2)^ 
^oA^o 


1 


(1+^) 

n + 2 


•(^) 


+3 


+2 


3 16 


Equation 3 16 can be solved for J 


J = 




Eg (n + 2) 


1 + - 


^ +2 pr +2 


n + 2 


L 


+3 


3 17 (New Model) 


Equation 3 17 describes the trap free SCLC model with field dependent mobility 
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Comparison of J V characteiistic using equation 3 17 with the experimental curve is shown in 
Fig 3 9 It can be seen that analytical model predicts OLED chaiactenstic well 



Fig 3 9 Plot showing comparison of J V characteristic obtained using the new model and 
experimental result 

3 7 Device modeling in the low current region 

Till now modeling in high current region was discussed In low current region (Vbias<Vbi) 
dependence of current density J on applied bias V is different then that in the high current 
region At low voltage region total current is sum of drift and diffusion current In this case both 
drift and diffusion currents are important Fig 3 10 shows these two components for an applied bias 
of 0 2V Direction of drift current were opposite to that of diffusion current They are almost equal 
except near the cathode As bias voltage increases dnft and diffusion currents are opposite and 
equal to each other only in a fraction of the device This suggests that device can be divided into 
two regions Region 1 in which current components are equal and Region 2 where current 
components differ significantly 
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Figure 3 10 Drift ind Diffusion current components at an applied bias of 0 2V and 0 6V 
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Fig 3 11 Cross section of the device 
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It IS expected that the cunent flowing m the device is proportional to hole concentration at 
the boundaiy between two regions 

In Region 1 drift and diffusion current components are equal 


, s 2-, kT dp 

= qPp — -f- (3 1 9) 

q dx 

Electiic field in most of the bulk is constant because of low hole density in the bulk (Fig 3 12) 
Therefore 


E = E,= 


v-K 

L 



0 00 0 02 0 04 0 06 0 08 0 10 0 12 

Grid Position (Micrometer) 


Figure 3 12 Electric Field profile of MEH PPV device at an applied bias of 0 2 V 
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(3 20) 


, . „ kT dP 

-p(x)£o= 

q dx 


kT dP 


+ p{x)E.=0 


q dx 

With boundary conditions 

At X = 0 p(x) = Pg 
Solution of which is given by 


p(x) = P,expi—^~V„) 


(3 21) 


Where = |F — Pj 

As already stated the current in the device is expected to be proportional to P(xo) 


So that 


1 


J = -qp EaPoCxpi — —V^) 
T]V, 


Where 


(3 22) 


q- Ideality Factor 

X 


V,=Q 026V 


Thus from equation 3 23 it can be concluded that at low voltages dependence of current 
on voltage is exponential Current density J is proportional to Pq 



3 8 Contact limited current flow ((j)BH>0 15 eV) 


We have already seen that the schottky barrier ((j)BH) at the injecting contact limits the 
current flow in a single carrier device when the barrier is greater than 0 15 eV For 4 )bh> 0 15 eV J 
V IS a function of cjisH With the increase of ({ibh current density J decreases A single layer device 
was considered in which the ((ibh was fixed at 0 6 eV Schottky barrier for the electron was kept at 
1 4 eV Simulated current density using theory of field dependent mobility along with the 
experimental data is presented in Fig 3 13 From the plot it can be seen that measured current is 


greater than the current predicted by the simulation This is because J oc exp(— 


kT 


-) and the 


baiTier height (j)/^ is lowered by the image force effect according to 


(/>t =^b 
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Inj ection Barrier at Zei o Field 
E(0) Electric Field at the contact 

Flence banier height lowering has to be taken into effect Taking barrier height lowering 
into effect current was calculated and plotted in Fig 3 14 which is m qualitative agreement with the 
experimental result 
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Figure 3 13 Experimental and simulated (without taking barrier height lowering into 
effect) J V characteristic of ITO/MEH PPV/Al device 


J V Characteristic 
Sample ITO/MEH PPV/AI 



Figure 3 14 Experimental and simulated (taking barrier height lowering into effect) 
J V characteristic of ITO/MEH_PPV/Al device 
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In a contact limited device hole density and electnc field profile in the device are 
completely different from that of a bulk limited device Calculated hole density and electiic field 
profiles are shown in Fig 3 15 and Fig 3 16 respectively When the barrier for hole injection is 
large injected hole density will be very less 


dx 


£ 


This infers that electric field in the device is constant Total current through the device 
which IS constant and is given by the expression 

J = qiipp{x)E = Cons tanf 

This implies hole density within the device should be constant This argument explains the shape of 
the electric field and hole density profile of a contact limited device This is also seen in simulation 
result shown in Fig 3 16 
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Figure 3 15 Electric Field profile for a 1200 A” device in contact limited regime (with 
hole barrier of 0 3 eV) at an applied bias of 4 V 
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Figure 3 16 Hole density profile for a 1200 A" device in contact limited regime(with 
hole barrier of 0 3 eV), at an applied bias of 4 V 
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3 9 Criteria for distinguishing bulk limited and contact limited current 

Tins thickness dependence can be used as criteria to distinguish between contact limited 
and bulk limited current In a contact limited device dependence of current density on voltage and 
thickness of the device are of the same order Fig 3 17 and Fig 3 18 shows that dependence of 
current density on thickness and voltage are of the same order Where as in a bulk limited device 
dependence ol current density on thickness is one order higher than the dependence on voltage 
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Fig 3 17 Dependence of Current on thickness of a contact limited device 
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Fig 3 18 Dependence of Current on voltage of a contact limited device 
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3 10 Single Layer Bipolar Device 


Although a mono polar device is useful for understanding the charge injection and transport 
mechanisms it is bipolar case that is of real interest because recombination and light emission takes 
place In a bipolar device holes from the anode and electrons from the cathode are injected when a 
voltage is applied across the device These earners move through the organic layer until they meet 
each other and recombine to form an exciton Exciton decay may be radiative or non radiative This 
process is shown m Fig - 3 19 



Figure 3 19 Energy Band Picture of Single Layer Bipolar Device 


A bipolar device has been simulated using MEH_PPV sandwiched between Pt and Ca 
contacts Pt acts as anode with the bamer of 0 leV for injection of holes and Ca acts as cathode 
with a barrier of 0 IcV for injection of electrons In bipolar device recombination has a very 
important role to play Recombination does affect the carrier density profile recombination rate 
density piofile and luminance efficiencies 
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3 11 Recombination 


In bipolar device electron and hole recombine to emit light Recombination is modeled [1] 
as Bimolecular of the form 

R = npy 3 25 

Where 

R Recombination rate 

7 Recombination Coefficient 

n p Electron and hole density 

e 

/i R Effective recombination mobility which is larger of electron and hole mobility 

Internal Quantum efficiency of the device is given by 

Wheie 1") IS the recombination efficiency of the device and Q is the ratio of the radiate 
lecombination to total recombination Theoretical maximum value of Q is % This is because of all 
the excitons formed are triplets and non radiative Recombination efficiency is a measure of 
device efficiency This gives the fraction of current that lead to recombination Recombination 
efficiency given by 


^QCombinationCurrent 
^ J TotalCurrent 


Recombination current is estimated from the time independent continuity equation 


L L 

|j {x)dx = ^qRdx = J 
0 0 

Recombination current is given by 

Jr = Jp{L) - Jp{Q) = Jn{L) - Jn{Qi) 3 26 

Fig 3 20 shows the simulated and experimental result of a bipolar device It is seen that simulation 
match well with the experimental result 
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Figure 3 20 Compaiison of calculated and measured current density vs bias for a 1000 A" 
thick Pt/MEH PPV/Ca bipolar device Experimental data has been taken from [3] 


In a bipolai device besides turn on voltage internal quantum efficiency and device 
efficiency are important parameters For the device shown in Fig 3 19 calculated internal quantum 
efficiency and device efficiency were 3 5% and 14% respectively To understand the reason for 
such low device efficiency recombination within the device was studied Fig 3 21 shows that 
recombination is peaked near cathode end of the device Fig 3 22 shows the electron and hole 
density profile within the device Since the electron density is significant only near the device while 
holes are relatively uniformly distributed most of the recombination takes place near the cathode 
Reason for this uneven distribution of the electron density is mobility (pp= lOOp ) Fig 3 23 shows 
the recombination profile when |.ip= lOp 
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Fig 3 21 Recombination profile of Pt/MEH PPV/Ca bipolar device at an applied bias of S V 



Figure 3 22 Carrier 
applied bias of 5 V 


Density Profile of Pt/MEH PPV/Ca Bipolar Device at an 
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Figure 3 23 Recombination Rate and Carrier Density Profile of Pt/MEH 
PPV/Ca Bipolar Device at an applied bias of 5 V 



3 12 Effect of Hole Injection Barrier On Recombination Rate Profile 

The recombination profile within the device can be influenced not only by the mobility but 
also by manipulating bamer height at anode and cathode For example Fig 3 24 shows 
recombination profile for varying anode barrier height To do this recombination rate was 
calculated for a single layer device by varying the bamer for hole from 0 1 eV to 0 3 eV in steps of 
0 1 eV Barrier for electron at cathode was fixed at 0 1 eV Ratio of the hole to electron mobility 
was maintained at 100 Applied bias was 5V It can be seen that by increasing the barrier at anode 
the effect of large mobility ratio can be compensated But this uniformity is obtained at the cost of 
increase m turn on voltage 



Figure 3 24 Recombination Profile of a Bipolar Device with varying hole 
injecting barrier Applied bias is 5 V and ratio of mobility is 100 

To conclude in a single layer device with low injecting bamer heights recombination is 
localized near the contact which injects low mobility carrier This is undesirable because of 
quenching of the luminescence Recombination can be moved away from the cathode using a bi 
layer device as discussed in next chapter 
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Chapter 4 

Double Layer Device 

4 1 Energy Band Picture 

To overcome the problems encountered in the single layer structure a double layer device is 
used The structure of the device is as shown in Fig -4 1 



Figure 4 1 Enei gy Band Picture of Double Layer Structure 

It consists of two organic layers One of which is matched to the anode and transports holes 
with the othei optimized for electron injection and transport New layer introduced acts as a 
blocking and prevents high mobility holes reaching cathode Both electrons and holes are blocked 
at the interface between the two layers and forced to recombine As a result recombination occurs 
primarily at the interface This is beneficial because it prevents quenching of luminescence that can 
occur when the lecorabmation is near one of the electrodes 

For piiipose of study a double layer device with MEH PPV/CN PPV layers was 
considered MEII PPV has a band gap of 2 4 eV and CN PPV has band gap of 2 1 eV They are 
used as hole and electron transport layer sandwiched between two contacts Anode and cathode are 
chosen such that they offer a barrier of 0 leV for holes and electrons respectively Simulated 
recombination profile and carrier profile is shown in Fig 4 2 and Fig 4 3 respectively It can be 
seen that both hole and electron concentrations are maximum at the interface As the rate of 
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recombination is proportional product of electron and hole concentrations rate of recombination is 
peaked at the interface Device efficiency is at it s maximum Recombination is taking place away 
from the injecting contact 

4 2 Effect of thickness of CN PPV layer on J-V characteristic 

The vanation of the potential within MEH PPV/CN PPV device when a bias of 5V is 
applied IS shown in Fig 4 4 It can be seen that within the MEH PPV layer it vanes very little 
compared with the variation within the CN_PPV layer This is due to difference m mobility of hole 
and electron It can be explained as follows We know that both electron and hole currents are dnft 
currents 


•^MEH PPV (x) = gfipPix)E + gi^ n{x)E 
CN PPV ~ gi^ ti(jx')E 
{n{x) » pi^x)) 

Pp =100iU 


(E) 


i-pp 


^dxj 


pp 


^ MEH PPV W 

glOOp {p(x) + n(x)) 

. MEH -PPV 

gp n{x) 


The above equations shows that electric field in CN PPV is larger than MEHJPPV 
Therefore turn on voltage is largely determined by CN_PPV 
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Figure 4 2 Recombination rate profile of a double layer device 





Figure 4 3 Carrier concentration profile of a double layer device 
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Figure 4 4 Potential Variation within MEH PPV/CN PPV Device at an Applied Bias 
ofSV 


DEVICE NUMBER 

TfflCKNESS (A“) 

THICKNESS (A“) 


MEH PPV 

CN PPV 

1 

600 

400 

2 

500 

500 

3 

400 

600 


Table 4 1 Double layer devices of varying layer thickness 
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To study the influence of the CN PPV thickness three different MEH PPV/CN PPV bi 
layer devices weie considered Total thickness of all the devices was same and equal to 1000 A° but 
thickness of MEH PPV and CN PPV layers were different as shown m Table 4 1 

The simulated J V curve of all the three devices are shown in Fig 4 5 From the plot the 
sensitivity of the J V characteristic to the thickness of CN_PPV layer is evident It can be 
concluded that turn on voltage of the bi layer device is largely determined by the thickness of the 
electron transport layer 



Figure 4 5 Calculated J V Plot of the Devices 1,2 and 3 
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4 3 Organic-Organic interface barrier 

Band diagram of PPV and CN PPV system is shown in Fig 4 6 At the organic organic 
interface barrier to the hole injection from MEH PPV to CN PPV is 0 6eV Similarly barrier for 
the election injection from CN_PPV to MEH PPV is 0 9eV 


Vaccum Level 


2 9 eV 



Figure 4 6 Energy band diagram of a bi layer device 

To investigate the effect of hole bamer at the interface hole bamer was reduced 
fiom 0 6 eV to 0 4 eV in steps of 0 1 eV while maintaining the hole and electron injection 
bariieis at anode and cathode at 0 1 eV The simulated hole density profile is shown m Fig 
4 7 While on MEH PPV side there is no vanation in the hole concentration with change in 
mteiface barrier on CN PPV side there is an inciease in hole concentration with reduction 
m barriei However this change is very small With the reduction in hole bamer device 
efficiency reduces as shown in Table-4 2 Device efficiency as a ftmction of hole bamer is 
also plotted in Fig 4 8 It can be seen that to get a good device efficiency hole bamer at the 
interface should be at least gi eater than 0 3 eV 
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Figure 4 7 Carrier profile of a double layer at an applied bias of 5V 


Organic Organic interface barrier 
for hole (eV) 

Device Efficiency 

06 

0 98 

05 

0 95 

04 

0 91 

02 

0 45 

0 1 

0 15 


Table 4 2 Device efficiencies at different interface hole barrier heights 
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T-ible 4 3 Device efficiency at different interface electron barrier heights 

To investigate the effect of the variation of the electron bamer at the interface hole 
harriei was fixed at 0 6 eV and electron barrier was reduced from 0 9 eV to 0 2 eV in steps 
of 0 leV The Calculated device efficiency is shown in Table 4 3 It can be concluded that 
electron barrier at the interface play no significant role in influencing the device efficiency 
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4 4 Comparison of Device Efficiencies of Single layer and Double Layer 
Devices 


Efficiencies of double and single layer device were calculated at an applied bias of 5V 
Thictaiess of all the devices was chosen to be 1000 A° 



Anode/Barner for hole 

(eV) 

Organic 

Layer 

Cathode/Barner 

for electron (eV) 

Device 

efficieiicj 

Internal 

Quantum 

efficiency 

1 

ITO/0 6 

MEH 

PPV/CN PPV 

Al/0 5 

0 18 

0 045 

2 

ptyo 1 

MEH PPV 

Ca/0 1 

0 14 

0 035 

3 

Pt/0 1 

MEH 

PPV/CN PPV 

Al/0 5 

0 009 

0 0022 

1 

Pt/0 1 

MEH 

PPV/CN PPV 

/O 1 

1 

0 25 


Table 4 4 Comparison of device efficiency 
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Chaptei 5 


Conclusions 

5 1 Conclusion 

The J V clni ^cteuslic ot OLED has been studied in detail m this work First a single layer 
hole only device was studied Using simulations the role of contact and bulk limited current 
meehtnisn'i was discussed It was shown that the dependence of current on thickness could be 
used as i distinguishing ciiteiion Foi a bulk limited device it was shown that SCLC modified by 
field dependent mobility could adequitcly explains the experimental data Based on simplified 
mobility model m in ilytie il model (oi J V eharacleiistic was derived which agreed well with the 
expel imenl il d it i It was ilso shown that foi low current region both drift and diffusion currents 
u e impoi t ml md eui i ent v ii les exponentially with voltage 

In 1 single liyet device with both caiiiei injections recombination occurs primarily near 
the cathode bee uise hole mobility ts hundreds of magnitude larger than the electron mobility The 
lecombmition piohle can be sptead moie evenly m the bulk by reducing the mobility ratio or by 
reducing hole injection thiough increase of baiiiei height lor hole at anode In a two layer device 
both elections md holes nc pi evented fiom reaching the opposite electrode and recombine 
at the mlcifice Tot high iccombiinlion efficiency the hole bamer height must be larger 
than 0 1 oV while electron bdiiici height makes no significant difference However thickness 
of the election li inspoil layci is important m determining the OLED turn on voltage 

5 2 Application ot this work 

M \m intention ot this woik wis to undeistand device behavior using a simple 1 D device 
Simulator Using this woik now wc aie in a position to predict J V characteristic of as a function of 
thickness band gap and type of the contacts The device efficiency and quantum efficiency of the 
device can be predicted 
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5 3 Fului e scope of the thesis 


In simul itionb ol sinj^lc hyei device the effect ot traps on the chaiacteristics of the device 
his not been examined Modeling of tlie device combining theory of SCLC field dependent 
mobility and tnp disliibution may be examined 
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Appendix-A 


Woik Functions Of Contacts Used in OLED 


Contact 

Work Function ® , (eV) 

Ca 

29 

A1 

43 

Pt 

52 

ITO 

48 

Cu 

46 


Commonly Used Organic Materials In OLED 


Organic Material 

Band Gap (eV) 

Electron Affinity x (eV) 

MEH PPV 

24 

29 

CNPPV 

2 1 

3 8 

Alqj 

33 

27 

TPD 

31 

26 


54 



























Appendix B 


SIM WINDOWS 


USER TIPS 

1 Sim Windows is i 1 D device simulator originally developed foi a two tcimiinl semi 
conductor device To adopt it to simulate oignnic two teiminal devices following paraincteis Inve 
to be changed m mateiial parameter tile 

1 Mobility 

2 Band Gap 

3 Electron Affinity 

4 Recombination constant 

Rest all paiameteis of the parameter file are kept at exsisting default values 

2 In Sim Windows mobility cannot be expressed as a function of electric field But mobility 
can be expiessed as a function of device length To do this at each bias voltage field is cxpiessed as 
a function of x using curve fitting Equation thus obtained is substituted in expression for mobility 
in the dcMce file This mobility in device file overrides the mobility m the material parametei file 

3 Sim windows does not incorporate barrier lowering due to image force effects This has to 
be calculated externally using the electnc field data Corrected barrier height thus obtained should 
be used in simulation 

4 If any parameter is changed m parameter file application should be closed and restarted to 
make the change effective 
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Option exists to increase the number of iterations 





